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Abstract 

The family of sphingosine-1 -phosphate receptors (SIPRs) is G-protein-coupled, comprised of subtypes S1PR1-S1PR5 and 
activated by the endogenous ligand SIP. The phosphorylated version of Fingolimod (pFTY720), an oral therapy for multiple 
sclerosis (MS), induces SI PRl internalisation in T cells, subsequent insensitivity to SI P gradients and sequestering of these 
cells within lymphoid organs, thus limiting immune response. SIPRs are also expressed in neuronal and glial cells where 
pFTY720 is suggested to directly protect against lysolecithin-induced deficits in myelination state in organotypic cerebellar 
slices. Of note, the effect of pFTY720 on immune cells already migrated into the CNS, prior to treatment, has not been well 
established. We have previously found that organotypic slice cultures do contain immune cells, which, in principle, could 
also be regulated by pFTY720 to maintain levels of myelin. Here, a mouse organotypic cerebellar slice and splenocyte co- 
culture model was thus used to investigate the effects of pFTY720 on splenocyte-induced demyelination. Spleen cells 
isolated from myelin oligodendrocyte glycoprotein immunised mice (MOG-splenocytes) or from 2D2 transgenic mice (2D2- 
splenocytes) both induced demyelination when co-cultured with mouse organotypic cerebellar slices, to a similar extent as 
lysolecithin. As expected, in vivo treatment of MOG-immunised mice with FTY720 inhibited demyelination induced by MOG- 
splenocytes. Importantly, in vitro treatment of MOG- and 2D2-splenocytes with pFTY720 also attenuated demyelination 
caused by these cells. In addition, while in vitro treatment of 2D2-splenocytes with pFTY720 did not alter cell phenotype, 
pFTY720 inhibited the release of the pro-inflammatory cytokines such as interferon gamma (IFNy) and interleukin 6 {IL6) 
from these cells. This work suggests that treatment of splenocytes by pFTY720 attenuates demyelination and reduces pro- 
inflammatory cytokine release, which likely contributes to enhanced myelination state induced by pFTY720 in organotypic 
cerebellar slices. 
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Introduction 

The family of sphingosine 1 -phosphate receptors (S 1 PRs) are G- 
protein coupled and designated as receptor subtypes 1-5 (SlPRl- 
5) [1-5]. These receptor, in particular the SI PRl subtype, have 
been described over the last decade as important modulators of 
immune cell migration [6]. Recently, the orally available SI PR 
agonist, fingolimod (FTY720), has shown efficacy in the treatment 
of relapsing remitting multiple sclerosis, supporting the use of 
SIPRs as l>om fide drug targets [7]. WhUe the endogenous 
sphingolipid ligand, SIP, is phosphorylated from sphingosine by 
sphingosine kinase 1 (SphKl) and 2 (SphK2) [8,9] the 'pro-drug' 
FTY720 is phosphorylated, primarily by SphK2, to its active form 
phosphate-FTY720 (pFTY720) [10-12]. In its phosphorylated 
form, pFTY720 is a full agonist of SI PRl, R4 and R5, as weU as 
being a partial agonist of S1PR3, but displays no affinity for 
S1PR2 [12]. It has been suggested that pFTY720 internalises 
SI PR Is to cause sequestration of T cells within the lymph nodes 
[6,13] likely preventing S 1 P-dependent T cell transmigration into 
the peripheral circulation and consequently into the central 



nervous system (CNS). Notably, however, reports investigating the 
effects pFTY720-mediated internalisation of SlPlRs on the 
activation state of the lymphocytes or related cytokine release 
require further elucidation. For example, some studies show that a 
subpopulation of regulatory T cells (Tregs) may be functionally 
augmented by pFTY720 [14-17], which has been suggested as 
potentially beneficial in autoimmune or inflammatory illnesses. In 
contrast, others put forward the idea that pFTY720 may prevent 
the proliferation of Tregs and functionally impair them [18]. Thus, 
further studies examining the effects of pFTY720 on these T cell 
subpopulations may prove useful. 

There is now a growing body of evidence to support that S 1 PRs 
also play a number of roles in regulating the physiology of 
neuronal and glial cells in the CNS [19]. With regard to 
oligodendrocyte function and myelination state, many studies 
have reported the positive effects of pFTY720 on both these 
processes, where SIPRs are suggested to play roles in remyelina- 
tion as well demyelination [20]. The first of these studies elegandy 
described how pFTY720 increased remyelination 14 days after 



PLOS ONE I www.plosone.org 



1 



June 2014 | Volume 9 | Issue 6 | e99444 



SI PR and Myelination 



lysolecithin (LPC)-mduced demyelination, which was suggested to 
be driven via S1P3R/S1P5R, with SIPIR limiting remyelination 
[21]. We then showed, using rat organotypic cerebellar slice 
cultures, that pFTY720 and SEW2871 (a S 1 PR 1 -specific agonist) 
also inhibited LPC-induced demyelination as assessed by myelin 
basic protein (MBP) immunofluorescence [22]. In that study, we 
reported both pFTY720 and SEW2871 inhibited the release of 
several chemokines in conditions of LPC-induced demyelination, 
including LIX (CXCL5), MIP-1 alpha, and MIP-3alpha [22]. It 
was noteworthy, at that time, we also observed that the 
organotypic slice cultures stained positive for a number of immune 
cells [22], as previously reported by others [23,24]. This finding 
raised the question whether pFTY720 attenuated demyelination 
by reducing pro-inflammatory response of these 'brain-slice 
resident' immune cells and/ or by directly altering neuronal and/ 
or gial cell function. 

One of the challenges of investigating the role of SlPRs in 
oligodendrocytes on myelination has been the limitation to assess 
oligodendrocyte function in the context of inflammatory models. 
The specific knockout of SlPRl from oligodendrocytes appears to 
increase sensitivity to cuprizone-induced demyelination [25], 
although no deficits in myelination state has been reported for 
SlPR5-null mice [26]. In cuprizone and LPC models of 
demyelination, FTY720 has not been shown to rescue myelination 
state, although FTY720 has been shown to attenuate cuprizone- 
induced damage to oligodendrocytes in the corpus callosum 
[25,27]. Similar to the reported in vitro studies [22,28], these 
prot(xli\"c cfrccts of FTY720 are associated with a reduction in 
pro-inilammator)' cytokines and chemokines [25]. From these 
studies, it appears that pFTY720 promotes myelin repair by likely 
modtilating both SlPRs expressed in immune and glia cells, 
although the relative contribution of each ceU type remains to be 
fully established. Moreover, to our knowledge, the effect of 
pFTY720 on peripheral immune cells that have already transmi- 
grated into the CNS, prior to treatment, has not been well 
established. Here, in a first attempt to answer this question and to 
use an experimental model not dependent on chemical-induced 
demyelination, we have now investigated the effects of pFTY720 
on splenocyte -induced demyelination directiy applied to cerebel- 
lar brain slice cultures. 

Materials and Methods 

Ethics Statement 

C57BL/6 mice (Harlan UK) were maintained in the BioR- 
esources unit at Trinity College, Dublin, Ireland under veterinary 
supervision throughout the study. Myelin oligodendrocyte glyco- 
protein (MOG) peptide-immunisation of C57BL/6 mice was 
performed under a license issued by the Department of Health 
(Ireland) in accordance with the guidelines laid down and 
approved by Trinity College Dublin ethical committee (lACUC). 
All other animal work fell under schedule 1 guideline where 
animals, without any in vim manipulation, were sacrificed by 
cervival dislocation in isolation from other animals. Animals were 
housed in a temperature-controlled room under illumination with 
a 12 h light: 12 h dark cycle (lights on from 06h00 to 18h00) and 
both food and water were available ad libitum. 

In vivo MOG-immunisation of C57BL/6 mice 

Female C57BL/6 mice (8-10 week old) were sub-cutaneously 
injected at the base of the spine with 200 |a,l of myelin 
oligodendrocyte glycoprotein peptide (MOG35.55, AnaSpec) at a 
concentration of 500 Hg/ml in Complete Freund's Adjuvant 
(Chondrex). Mice were also administered an interperitoneal 



injection of 200 [ll pertussis toxin (PTX) at 2.5 jig/ml on day 0 
and again on day 2. An interperitoneal injection (i.p.) of FTY720 
(2-amino-2-[2-(4-octylphenyl)ethyl] propane- 1,3-diol; obtained 
from Novartis Pharma, Basel, Switzerland) was given at 8 )Xg/ 
day (corresponding to 0.3 mg/kg/day, with animal weight of 35 g 
mouse as described previously [12]) for 10 days (days 0-9). Spleens 
were taken on day 10 after immunisation. 

In vitro culture and stimulation of MOG reactive 
splenocytes 

Spleens were isolated from control C57BL/6 mice, MOG- 
immunised C57BL/6 mice or 2D2 transgenic mice [29] (kindly 
provided by Dr. Denise Fitzgerald, Queen's University, Belfast). 
The MOG-immunisations were conducted in three separate 
experiments, with 6 mice per group in each experiment. The 
groups (6 mice per group) were naive mice (non-immunised), 
MOG-immunised mice administered i.p. with saline vehicle 
control, and MOG-immunised mice administered i.p. with 
FTY720. A single cell suspension was created from isolated 
spleens, erythrocytes were lysed and cells were ctdtured in RPMI- 
1640 media supplemented with 10% FCS, 1% L-glutamine, 1% 
penicillin/ streptomycin and 0.1% P-mercaptoethanol (R-10). 
MOG reactive splenocytes from MOG-immunised mice or 2D2 
transgenic animals (2x10 cells/ml) were incubated with 25 |xg/ 
ml MOG35_55 peptide for 48 hrs with or without pFTY720 (1 nM- 

1 |J.M) (obtained from Novartis Pharma, Basel, Switzerland). The 
pFTY720 was prepared as a 10 mM stock in DMSO and vehicle 
control concentrations for in vitro studies were 0.0000 1%-0.01% 
DMSO for 1 nM-1 |xM pFTY720, respectively. Cells from control 
mice (2x10" cells/ml) were stimulated with plate-bound mouse 
anti-CD3 and anti-CD28 (BD Biosciences) at 1 Hg/ml for 48 hrs. 
For ELISA and FACS studies, cells were activated as above with 
or without pFTY720 (1 nM-1 nM), TGF-P (5 ng/ml) and/or IL-2 
(20 ng/ml) for four days at 37°C and 5% CO2 before removal of 
media for ELISA and staining of cells for FAGS analysis. 

Culture of Organotypic Cerebellar Slices 

Experiments were conducted using tissue isolated from postna- 
tal day 10 (PIO) C57BL/6 mice in accordance with EU guidelines 
and protocols approved by the Trinity College Dublin ethics 
committee. The cerebellar shce culture was based on published 
protocols (Birgbauer et al., 2004). Briefly, 400 |tm parasagittal 
slices of cerebellum were cut using a Mcllwain tissue chopper. The 
slices were prepared from litters of 4-6 pups and randomly 
distributed between conditions and 5-6 slices were grown on each 
cell culture insert (Millicc-U P1CMORG50). Slices were cultured 
using an interface method with 1 mL of medium per 35 mm well. 
For the first 3 days in vitro (DIV), slices were grown in serum-based 
medium (50% Opti-Mem, 2^% Hanks' buffered salt solution 
(HBSS), 25% heat-inactivated horse serum and supplemented with 

2 mM Glutamax, 28 mM D-glucose, 100 U/mL penicillin/ 
streptomycin and 25 mM HEPES) at 35.5C and 5% C02. After 

3 DIV, slices were transferred to serum-free medium (98% 
Neurobasal-A and 2% B-27 (Invitrogen), supplemented with 
2 mM Glutamax, 28 mM D-glucose, 100 U/mL penicillin/ 
streptomycin and 25 mM HEPES). The slices were transferred 
to serum free media to reduce the possible effects of SIP present in 
serum, on SlPRs during the experiment. To induce demyelin- 
ation, 12 DIV cultures were transferred to fresh serum-free 
medium ready for treatment. Thus, demyelination was induced at 
12 DIV and examined at 14 DEV. 
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Co-culture of Splenocytes and Organotypic Cerebellar 
Slices 

Organotypic cerebellar slices were cultured according to the 
method described above. Cultured spleen cells were counted and 
washed by centrifugation before being resuspended at a concen- 
tration of 1 X 10^ cells/ml in organo-serum media (50% Optimem, 
25% Hank's Buffered Salt Solution, 25% Heat inactivated horse 
serum, 1.1% D-glucose (27.5 mM), 1.1% Glutamax (2 mM), 1% 
Penicillin (10,000 U/ml) and Streptomycin (100 U/ml) (Pen/ 
Strep) and 1% HEPES (10 mM)). The cells were washed again by 
centrifugation and the resuspended splenocyte cell suspension 
(5 Hi, -5x10 cells) was added directly onto each slice and co- 
cultured for 48 hrs at 35.5°C and 5% CO2. As a positive control, 
slices were treated with 0.35 mg/ml lysolecithin (LPC: Sigma, L- 
4129) for 18 hrs at 35.5°C and 5% COg before being moved to 
fresh media for the remainder of the 48hr treatment. 

Biochemical Analysis 

For flow cytometry, cells were washed in PBS supplemented 
with 1 % ECS, 1 % Sodium Azide and 3 mM EDTA (FACS buffer) 
and stained with a cocktail of anti-CD3 PE, anti-CD4 APC-Cy7 
and anti-CD25 FITC (eBioscience). Cells were then fixed and 
permeabUized using eBioscience FoxP3 staining kit (77-5775-40) 
and stained with anti-Foxp3 APC. Samples were examined using a 
BD LSREortessa flow cytometer and analyzed using Elowjo 
software (Treestar). For ELISA, supematants from cell culture 
were removed and examined for their cytokine content using 
ELISA kits for ILIO (DY417) and IFNy (DY485) according to the 
manufacturer's instructions (R&D systems). For Western blotting, 
cerebellar sKces were scraped from the culture membrane and 
suspended in PTxE buffer (PBS, 1% Triton-x, 1 mM EDTA) 
using mechanical homogenisation and sonication. Western blot- 
ting was performed on tissue suspensions as we have described 
previously [30]. Primary- antibodies used were: anti-MOG 
(Millipore, MAB5680), anti-myelin basic protein (MBP) (Abeam 
ab40390), anti-actin (ECM Biosciences, AM2021), anti-neurofila- 
ment H (NFH) (1/1000 dilution: Millipore, MAB5539). Secondary 
antibodies used were: HRP conjugated mouse (Sigma, A8924), 
and HRP conjugated rabbit (GE Healthcare, NA934). 

Immunocytochemistry 

Immunostaining and analysis was performed as we have 
described previously [22]. Confocal images were captured using 
a LSM 510 Meta microscope at 20 x or 40 x magnification. Image 
stacks were initially used to analyse all layers of the slice and 
showed that optimal staining was confined to the central layers; 
images were thus taken from central layers within the tissue. These 
resulting images were analysed using EBImage software and run 
through the statistical programming environment, R as we have 
described previously [22]. In brief, EBImage allows analysis of 
multiple colour channels separately, where ever)' pixel 
(1024x1024) is assigned an intensity value between 0 and 1, 
where 0 represents no intensity and 1 represents an intensity value 
of 4096 as per a 12 bit image. In this case, NFH staining (red) was 
used as a "mask" in order to measure the amount of MBP staining 
(green) co-localized with NFH only, i.e., neuronal MBP staining. 
The percentage of green pixels (MBP) which were co-localized 
with red (NFH) was calculated. This co-localisation of MBP and 
neurofilament-H (NFH) staining was quantified and described as 
the level of myelination. Notably however this measure does not 
indicate the presence of compact myelin. Oligodendrocytes in 
vitro can express MBP even in the absence of axons to myelinate. 
Thus, the overlap of MBP and NFH likely indicates that the 



oligodendrocytes may be wrapping axons, but is not proof-positive 
for the presence of compact myelin [31,32]. Primary antibodies 
used were as above. Secondary antibodies used were: DyLight 549 
conjugated anti-chicken (1/1000: Jackson Immunoresearch), Dy- 
Light 488 anti-rabbit (1/1000: Jackson Immunoresearch). 

Statistical Analysis 

AU statistical analysis was performed using Prism 5 GraphPad 
Software package. The normality of the data was established by 
Bartlett's test for equal variances and a one-way ANOVA with 
Newmann-Keuls post-hoc test ^\as used to compare groups. 
Individual statistical tests are described in text and figure legends. 
The significance levels (or alpha levels) were set at p<0.05''', p< 
0.01** and p<0.001***. 

Results 

Splenocytes isolated from iVIOG-immunised mice induce 
demyelination 

Prior to examining the effects of SI PR modulation on 
splenocyte-induced demyelination, the development and organi- 
zation of neuronal fibers and myelin under control conditions, as 
determined by NFH and MBP expression, respectively, was 
examined in mouse organotypic cerebellar sUce cultures. While we 
describe the co-localization of MBP and NFH staining as the level 
of myelination, it should be noted however that this measure does 
not indicate the presence of compact myelin. Oligodendrocytes in 
vitro can express MBP even in the absence of axons to myelinate. 
Thus, the overlap of MBP and NFH likely indicates that the 
oligodendrocytes may be wrapping axons, but is not proof-positive 
for the presence of compact myelin [31,32]. An approximate 2- 
fold increase in myelination between day 4 in vitro (DIV4) and 
DIV9 (p<0.05, one-way ANOVA and Newmann-Keuls post-hoc 
test) was found (Figure lA). Myelination continued beyond 
DIV9, where an approximate 6-fold increase in MBP expression 
was found at DIV12 compared to DIV4 (p<0.001, one-way 
ANOVA and Newmann-Keuls post-hoc test). At this later time 
point, MBP and neurofilament staining was found pre-dominantly 
colocalised along the Purkinje cell axons, indicative of axons 
displaying an intact myelin sheath (Figure lA). Based on this 
information, co-culture of sUces and splenocytes was initiated at 
DIV14. As control, we found slices treated with LPC used at a 
concentration and time similar to previous reports by our group 
and others (350 |.lg/ml for 18 h) [21,22] induced a significant 
demyelination (52.7%+/- 12.6%) compared to control (p<0.01, 
one-way ANOVA and Newmann-Keuls post-hoc test) confirming 
our previous findings [22] (Figure IB). Next splenocyte-induced 
demyelination was examined in these organotypic cerebellar slice 
cultures. We have recenfly shown that naive cells isolated from 
peripheral lymph nodes of wild-type mice are not detrimental to 
organotypic hippocampal sKce cultures, and indeed are neuro- 
protective against toxicity induced by kainate- and oxygen-glucose 
deprivation [33]. Accordingly, na'ive-splenocytes did not induce 
any significant change in MBP staining when applied to 
organotypic cerebellar slice cultures (Figure ID). In contrast, 
splenocytes isolated from spleen of MOG-immunised mice (MOG- 
splenocytes), re-stimulated in vitro with MOG^s^r,-, (25 |ig/ml for 
48 h) and co-cultured with cerebellar slices for 48 h (Figure IC) 
induced a significant decrease in MBP staining (59.2'/'o+/ — 8.0%) 
compared to naive-splenocytes (p<0.05, one way ANOVA and 
Newmann-Keuls post-hoc test) (Figure ID). Overall, these results 
support our data and data published by others, which demonstrate 
the amount of demyelination induced by MOG-splenocytes is 
comparable to that seen in LPC treated slices (Figure ID). 
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Figure 1. MOG reactive splenocytes induced demyelination in organotypic cerebellar slice cultures. (A) Time dependent myelination. 
Representative confocal Images displaying MBP (MBP, green) and neurofilament (NFH, red) Immunoreactivlty at 4, 9 and 12 DIV. Confocal Images 
captured at x40 magnification. Bar graph Illustrates relative MBP immunoreactivlty (I.e. co-localization of MBP and neurofilament) In cerebellar slices 
compared to 4 DIV (100% as control) expressed as averages +/- SEM (12 slices per treatment group). (B) LPC-induced demyelination. MBP expression 
is reduced in cerebellar slices treated with LPC (350 |ig/ml) as previously reported [22]. (C) Experimental setup. MOG-immunlsation procedure and 
sllce/splenocyte co-culture timeline is shown. (D) MOG reactive splenocytes Induce demyelination. MBP expression Is reduced in cerebellar slices 
treated with MOG reactive splenocytes (i.e. splenocytes Isolated from MOG-immunlsed mice and re-stimulated in vitro with 25 |ig/ml MOG), but not 
naive splenocytes isolated from control mice. Bar graph illustrates relative MBP immunoreactivlty (i.e. co-localization of MBP and neurofilament) in 
cerebellar slices compared to no treatment (100% as control) expressed as averages +/— SEM (18-24 slices per treatment group). Significant 
difference *p<0.05, **p<0.01 and ***p<0.001 from control; One-way ANOVA and Newman-Keuls post-hoc test. 
dol:10.1371/journal.pone.0099444.g001 



In vivo and in vitro treatment with FTY720 attenuates 
demyelination induced by IVlOG-splenocytes 

Reports have shown that FTY720 can reduce the pro- 
inflammatory response of immune cells or induce anti-inflamma- 
tory cell phenotypes [15]. As a positive control and to fiarther 
confirm the validity of this splenocyte-induced demyelination 
model, the ability of FTY720 in attenuating demyelination 
induced by MOG-splenocytes was examined. The MOG-immu- 
nised mice were co-treated with FTY720 in vivo (8 |ag/mouse/day 
for 10 days) and isolated MOG-splenocytes were also treated with 
pFTY720 in vitro (1 nM for 48 h) during re-stimulation with 
MOG35_55 peptide (25 ng/ml for 48 h) before co-culture with 
organotypic cerebellar slices. Confocal images showed significant 
reduction in MBP expression in slices co-cultured with vehicle- 
treated MOG-splenocytes (65.2%-H/ — 7.9%), compared to un- 
treated slice control (p<0.05, one way ANOVA and Newmann- 
Keuls post-hoc test). Not surprisingly, MOG-splenocytes treated 
with FTY720 (94.0%-H/- 1 1.1%) induced no difierence in MBP 
expression compared to untreated slice control (Figure 2A). In 
addition. Western blotting for MOG protein showed a decrease in 
MOG expression in cerebellar slices co-cultured with vehicle- 
treated MOG-splenocytes compared to untreated slice control and 
as expected FTY720 attenuated the effects of MOG-splenocytes 
(Figure 2B). These data indicate that in vivo treatment of MOG- 



immunised mice with FTY720 followed by in vitro treatment of 
MOG-splenocytes with pFTY720 reduces the ability of these 
MOG-splenocytes to induce demyelination. 

In vitro treatment of MOG-splenocytes with pFTY720 is 
sufficient to attenuate their capacity to induce 
demyelination 

The experiment detailed above shows that cells isolated from 
MOG-immunised mice treated with FTY720 in vivo and then 
pFTY720 in vitro no longer induce demyelination. To elucidate 
whether pFTY720 had direct effects on the ability of these MOG- 
reactive cells to demyelinate in vitro, cells were isolated from MOG- 
immunised mouse spleens and activated with MOG35.53 peptide 
(25 Hg/ml for 48 h) in the presence or absence of pFTY720 
(1 nM) before co-culture with organotypic cerebellar slices. 
Confocal imaging showed that the addition of vehicle-treated 
MOG-reactive cells to cerebellar slices induced a significant level 
of demyelination compared to untreated shce control (55.85%-H/ — 
2.4%) (p<0.01, one-way ANOVA and Newmann-Keuls post-hoc 
test) (Figure 3). However, MOG-splenocytes activated in the 
presence of pFTY720 did not show a significant reduction in 
myelination (84.7 3.25%) based on MBP expression 

(Figure 3). Therefore, this experiment shows that in vitro 
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Figure 2. Treatment of pFTY720 in vivo and in vitro reduces 
MOG reactive splenocyte-induced demyelination isolated from 
MOG-immunised mice. (A) MOG reactive splenocytes (i.e. spleno- 
cytes isolated from IVIOG-immunised animals and re-stimulated in vitro 
with 25 |ig/ml MOG) reduced MBP staining in cerebellar slices. MOG 
reactive splenocytes isolated from MOG-immunised animals treated 
with pFTY720 (8 |ig/day, for 10 days) in vivo and treated again with 
pFPi'720 (1 nM) during re-stimulation in vitro with 25 |ig/ml MOG 
prevented demyelination caused by these isolated cells. Bar graph 
illustrates relative MBP immunoreactivity (i.e. co-localization of MBP and 
neurofilament) in cerebellar slices compared to no treatment (100% as 
control) expressed as averages +/- SEM (20 slices per treatment group). 
There was a significant decrease of MBP staining in slices co-cultured 
with vehicle treated MOG reactive splenocytes compared to control 
slices (*p<0.05), which was reduced by pFTY720 treatment; One-way 
ANOVA and Newman-Keuls post-hoc test. (B) Western blot shows 
decreased levels of MOG protein in MOG reactive treated slices, with in 
vivo/in vitro pFTY720 treatment reducing demyelination. 
doi:10.1371/journal.pone.0099444.g002 
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Figure 3. Treatment of pFTY720 in vivo or in vitro reduces 
MOG reactive splenocyte-induced demyelination isolated from 
MOG-immunised mice. (A) MOG reactive splenocytes isolated from 
MOG-immunised animals treated with pFTY720 (8 |ig/day, for 10 days) 
in vivo or treated with pFTY720 (1 nM) during re-stimulation in vitro 
with 25 jig/ml MOG prevented demyelination caused by these isolated 
cells. (B) Bar graph illustrates relative MBP immunoreactivity (i.e. co- 
localization of MBP and neurofilament) in cerebellar slices compared to 
no treatment (100% as control) expressed as averages +/— SEM (20 
slices per treatment group). There was a significant decrease of MBP 
staining in slices co-cultured with vehicle treated MOG reactive 
splenocytes compared to control slices (**p<0.01), which was 
significantly reveresd by in vitro treatment of MOG splenocytes with 
pFTY720 (*p<0.05) or in vivo treatment of MOG-immunised mice with 
pFTY720 (**p<0.01). There was no significant difference in MBP 
staining between these two pFTY720 treatment groups and control 
slices. One-way ANOVA and Newman-Keuls post-hoc test. 
doi:10.1371/journal.pone.0099444.g003 



treatment of MOG-reactive cells with pFTY720, can reduce their 
ability to induce demyelination. 

In vitro treatment of splenocytes isolated from 2D2 
transgenic mice with pFTY720 attenuates demyelination 

To further confirm that MOG-reactive cells induce demyelin- 
ation and pFTY720 attenuates this effect, we isolated cells from 
the spleens of 2D2 transgenic mice (2D2-splenocytes), which 
transgenicaUy express a T cell receptor for MOG (TCR-MOG) 
and are thus engineered to be stimulated by MOG. We then 
examined the effects of pFTY720 on demyelination induced by 



these MOG-reactive cells in organotypic cerebellar slices. The co- 
culture of organotypic cerebellar slices with vehicle-treated 2D2- 
splenocytes induced demyelination, similar to MOG-splenocytes 
and LPC treatments (Figure 4A). MBP staining showed a 
significant reduction in slices co-ctoltured with vehicle-treated 
2D2-splenocytes (51.6%-H/— 6.3%) compared to untreated slice 
control (p<0.05, one way ANOVA and Newmann-Keuls post-hoc 
test). Importantly, the in vitro treatment of 2D2-splenocytes with 
pFTY720 (1 \iM for 48 h) during re-stimulation with MOG35.55 
(25 Hg/ml for 48 h) before co-culture with organotypic cerebellar 
shces, attenuated the ability of these cells to induce demyelination 
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(82.5%+/-5.2%) (Figure 4A). Western blotting for MOG 
protein confirmed these findings, and demonstrated a decrease 
in MOG expression in cerebellar slices co-cultured with vehicle- 
treated 2D2-splenocytes compared to untreated sHce control, 
whereas pFTY720 attenuated the efiects of 2D2-splenocytes to 
induce demyehnation (Figure 4B). These data suggest that 
pFTY720 treatment in vitro diminishes the ability of MOG-reactive 
cells to induce demyehnation. 

pFTY720 treatment of 2D2-splenocytes does not alter the 
T cell phenotype 

Studies have proposed that pFTY720 exerts anti-inflammatory 
effects on T cells, possibly by promoting Treg response, while 
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Figure 4. Treatment of pFTY720 in vitro reduces demyelination 
induced by 2D2-splenocytes. (A) 2D2-splenocytes (i.e. splenocytes 
isolated from 2D2 transgenic mice and stimulated in vitro with 25 |ig/ml 
MOG) reduce MBP staining in cerebellar slices. 2D2-splenocytes isolated 
from 2D2 transgenic mice treated with pFTY720 (1 |iM, 48 hrs) during 
stimulation in vitro with 25 |ig/ml MOG prevented demyelination 
caused by these isolated cells. Bar graph illustrates relative MBP 
immunoreactivity (i.e. co-localization of MBP and neurofilament) in 
cerebellar slices compared to no treatment (100% as control) expressed 
as averages +/- SEM (18-24 slices per treatment group). There was a 
significant decrease of MBP staining in slices co-cultured with vehicle 
treated 2D2-splenocytes compared to control slices (*p<0.05), which 
was reduced by pFTY720 treatment; One-way ANOVA and Newman- 
Keuls post-hoc test. (B) Western blot shows decreased MOG protein in 
2D2-splenocyte treated slices, with in vitro pFTY720 treatment reducing 
demyelination. 

doi:1 0.1 371/journal.pone.0099444.g004 



reducing Thl7 cell-mediated inflammation. For example, 
pFTY720 increases in the proportion of Tregs in vivo and in vitro 
[15,25,34], while attenuating SlP-induced expansion of Thl7 cells 
and consequent release of IL-17 [35]. Some of these studies have 
however suggested that pFTY720 reduces numbers of Tregs [18]. 
In order to ascertain whether in vitro treatment of 2D2-splenocytes 
with pFTY720 altered their phenotype, cells were stimulated with 
MOG35.55 peptide in the presence or absence of this drug. We first 
investigated the effect of pFTY720 on total cell counts and T ceU 
counts and found that pFTY720 did not alter either of these ceU 
counts (Figure 5A). In addition, no significant change in CD4 
cell population was observed with pFTY720 treatment 
(Figure 5B). The addition of IL-2, in conjunction with pFTY720, 
also had no effect on the CD4"'' percentage [data not shown). The 
effects pFTY720 on specific T cell populations were also 
examined. No significant change was observed in the proportion 
of CD4*CD25'^ cells in response to pFTY720 treatment in 
MOG35_55 peptide stimulated 2D2 cells either without 
(Figure 5C) or with IL-2 {data not shown). To further examine 
the effect of pFTY720 on Tregs, cells positive for CD25-HFoxp3-H 
were examined. Treatment of 2D2-splenocytes stimulated with 
MOG35.55 peptide with or without pFTY720 did not alter Treg 
proportion either in the absence (Figure 5D) or presence of IL2 
[data not shown). In contrast, treatment of 2D2-splenocytes with 
TGF-P increased the percentage of Tregs by up to 20 fold, as 
expected (Figure 5D). Based on these in vitro results, it appears 
that pFTY720 does not alter Treg populations and is unlikely to 
explain the effects of this drug in limiting demyelination caused by 
2D2-splenocytes in organotypic cerebellar slices. 

pFTY720 significantly reduces pro-inflammatory cytokine 
release by 2D2-splenocytes in vitro 

IFNy, TNFa and IL6 are reported as pro-inflammatory 
cytokines that play a variety of roles in EAE and MS disease 
state [36-38]. In addition, levels of ILIO secreting mononuclear 
ceUs have been shown to be reduced in MS sufferers [39], likely 
indicating impaired anti-inflammatory function. An attenuation of 
the levels of these pro-inflammatory cytokines, without an 
impairment of anti-inflammatory cytokine release, would likely 
have numerous beneficial effects in myelination state. Previous 
studies have shown that SIP attenuates the production of IFNy by 
splenic 004"*" T cells, and this effect is likely mediated via SlPRl, 
although the direct effects of pFTY720 were not tested at that time 
[35,40]. Moreover SlPRs also regulate the release of TNFa and 
IL6 from cells types such as dendritic cells, macrophages and 
microglia [41—43]. Here we found pFTY720 did not significantly 
alter ILIO levels in 2D2-ceUs stimulated with MOGss.sr, peptide 
(Figure 6A). In contrast, pFTY720 reduced the levels of IFNy in a 
concentration dependent manner, where 2D2-cells stimulated with 
MOG35_55 peptide in the presence of pFTY720 (1 |xM) displayed a 
significant reduction in levels of IFNy (122.2% -H/-20%) 
compared to MOG-stimulated control (304% +/- 50.8%, p< 
0.01, one-way ANOVA and Newmann-Keuls post-hoc test) 
(Figure 6B). pFTY720 (1 \xM) also significantly reduced the 
levels of IL6 (198%-H/- 18.8%), compared to MOG-stimulated 
control (280.9% -H/-18.5%, p<0.05, one way ANOVA and 
Newmann-Keuls post-hoc test) (Figure 6C). The effect of 
pFTY720 on levels of TNFa in MOG-^^_^^ peptide activated 
2D2-cells was moderate, with a trend reduction in levels of TNFa 
induced by pFTY720, which was not significant (Figure 6D). 
While we have not specifically investigated immune cell subtypes, 
these data suggest that FTY720 does not cause overt cellular 
apoptosis when splenocytes are treated in vitro with this compound 
(Figure 5A) that would account for the decreased cytokine 
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Figure 5. Treatment of pFTY720 In vitro does not alter phenotype of 2D2-splenocytes. Treatment of 2D2-splenocytes with IL2 (20 ng/ml), 
TGPP (5 ng/ml) or pFTY720 (10, 100, 1000 nM for 96 hrs, during stimulation with 25 ng/ml MOG35_55 peptide did not alter the proportion of (A) total 
live cells as determined by graphing forward scatter height by forward scatter area. In addition the proportion of lymphocytes (lymphocyte gate 
defined by cell size when forward scatter graphed against side scatter) was not altered by these treatments. (B) CD4+ cell (C) CD4+/CD25+ cell, or (D) 
CD4+CD25+Foxp3+ Treg cell proportion was not altered by pFTY720 treatment. As a positive control, TGFp induced a potent and significant increase 
in CD4+CD25+Foxp3+ expressing Treg cells. The addition of IL2 (20 ng/ml) in conjunction with pFTY720 (10, 100, 1000 nM) did not alter Treg cell 
frequency {data not shown). Bar graphs illustrate values expressed as averages +/- SEM of four independent experiments. Each experiment used 
splenocytes obtained from four animals. Cell analysis was performed by FACs. Significant difference ***p<0.001 from control; One-way ANOVA and 
Newman-Keuls post-hoc test. 
doi:1 0.1 371/journal.pone.0099444.g005 



production. Taken together, these data suggest that pFTY720 may 
attenuate demyehnation induced by MOG-reactive cells (isolated 
from the spleens of 2D2-transgenic animals) by limiting levels of 
pro-inflammatory molecules. 

Discussion 

We and others have previously reported that pFTY720 
promotes remyelination and attenuates demyelination in organo- 
typic slice cultures, which contain immune cells [21-24]. In these 
studies LPC was used to induce demyelination, however, a 



concern using this agent is that the mechanism by which LPC 
induces demyelination, in vitro or in vivo, is not fuUy clear. 
Therefore, in the current study we aimed to further these previous 
findings using a splenocyte cell culture-mediated demyelination 
model. In particular, we determined if pFTY720 could limit 
demyelination in organotypic slice cultures by directly acting on 
exogenously appUed immune cells. Here, we found treatment of 
MOG-reactive splenocytes with pFTY720 was sufficient to 
attenuate demyelination induced by these cells. We also found 
that pFTY720 decreased the levels of pro-inflammatory cytokines, 
such as IFNy and IL6 (and likely others) in immune cells that may 
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Figure 6. pFTY720 treatment in vitro reduces tiie reiease of pro-infiammatory cytoicines from 2D2-spienocytes. Treatment with 
pFTY720 (10, 100, 1000 nM for 96hrs) of 2D2-splenocytes during stimulation with 25 ng/ml MOG35.55 peptide did not alter levels of (A) IL10 or, (D) 
TNFa but attenuated levels of (B) IFNy, (C) IL6. Bar graphs illustrate values expressed as averages +/-SEM of four independent experiments. Each 
experiment used splenocytes obtained from four animals. Cytokine analysis was performed by ELISA in triplicate. Significant difference *p<0.05, 
**p<0.01 from control; One-way ANOVA and Newman-Keuls post-hoc test. 
doi:1 0.1 371/journal.pone.0099444.g006 



potentially play a role by which this compound Umits demyelin- 
ation and/ or promotes remyelination. 

In addition to these findings, there were some important 
technical features of this study which are noteworthy. Firstly, we 
considered the possibility that pFTY720 added to the splenocyte 
cultures may be taken up by these cells and even after washing, 
this compound may persist and be carried over to the cerebellar 
culture, where we have shown it to have a direct effect on 
myelination [22]. This possibility, however, appears unlikely given 
previous studies showing that the phosphorylated from pFTY720 
does not permeate lymphocytes, must be de-phosphorylated in 
order to enter the intra-cellular space, and then requires 
phosphorylation back to pFTY720 before leaving the cell and 
acting on receptors [44]. Moreover when 5 xlO® cells are pre- 
treated with 1 |j,M FTY720 for 1 hr, these were shown to contain 
0.1-0.2 nmol pFTY720 [44]. In our in vitro studies we used 
pFTY720, which in this from does not permeate lymphocytes and 
we also used 100 times less the number of cells (1 xio'), ^vhich 
accordingly would contain < 1-2 pmol of pFTY720 and release 
even less. 

Secondly, while it is well accepted that pFTY720 causes 
receptor internalisation, with little effect on SlPRl expression at 
the mRNA level, the fate of the internalised SlPRl function 



remains unclear, namely, continued signalling [45] and/or 
receptor downregulation [46-47]. We and others have shown 
SlPRl receptor internalisation occurs in astrocytes [30,48] and 
also in HUVEC cells [45], as well as in transfected murine B-cell 
line (\VEHI231) [6], and a stable HEK293 ceUs expressing 
epotope tagged-SlPRl [46]. Furthermore, the internalisation of 
SlPRs in T cells, by pFTY720, is suggested to make them 
insensitive to the gradients of SIP that exist between the lymphoid 
organs and the peripheral circulation, which inhibits the mobility 
of activated T cell and prevents them from exiting lymph nodes 
[6, 13]. In knockout and cell transfer approaches, this activity has 
been well characterised in vivo and explains much of the beneficial 
effect of this drug in MS. To date, however, the lack of good 
SlPRl antibodies has limited directly investigating pFTY720- 
mediated S 1 PR 1 internalisation in either mouse or human T cells. 
Thus, in the current study, we have not investigated SlPRl 
internalisation in T cell, although we used similar concentrations 
of pFTY720 to treat splenocyte cultures as previously reported to 
cause SlPRl receptor internalisation [6,45-48]. We propose, 
therefore, that pFTY720 is inducing SIPRl receptor internalisa- 
tion in our current study and in other previous reports, and likely 
inhibiting immune cell function, which is also supported partially 
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by findings that pFTY720 suppresses SlP-mediated development 
of Thl7 ceUs and levels of IL17 [35]. 

Thirdly, we used splenocyte cultures that, in addition to T cells, 
likely include cells such as macrophages, B cells, natural killer cells 
and dendritic cells. Our analysis of these splenocyte cultures 
showed an approximate 60% lymphocyte population, of which 
more than 40% were CD4+ T cells. We note the cytokines 
analysed in our study, ILIO, IL6, IFNy and TNFa can be produce 
by cells other than CD4-I- T cells, where SI PR activation has been 
shown to alter cytokine levels in, for example, macrophages 
(attenuating levels of TNFa, MCPl and IL6) [42] and dendritic 
cells (reducing levels of IL12 and increasing ILIO) [49]. 
Furthermore, pFTY720 treated dendritic cells show reduced 
ability to activate T cells, which in turn produce less IFNy and 
more IL4 compared to when activated with untreated dendritic 
cells, indicating a shift from a pro-inflammatory Thl to an anti- 
inflammatory Th2 [41,49-50]. While these reports suggest that 
studies investigating whether individual immune cell subtypes can 
induce demyehnation and if pFTY720 can reverse these effects are 
worthy, such isolated cellular effects are unlikely germane in an in 
vivo milieu. Our data showing that pFTY720 can protect against 
demyelination induced by a mixture of immune cells is thus, we 
consider, relevant moreso to an in vivo setting. 

Fourthly, in this current study, we used splenocyte cultures from 
2D2 trangenic animals to induce demyelination. The cells isolated 
from these 2D2 mice contain T cells engineered to express a T cell 
receptor activated by MOG (TCR-MOG) and can thus be 
stimulated by MOG to specifically generate MOG-reactive T cells. 
We again opted for using a splenocyte culture approach assuming 
it would be important to generat(; AIOG-reactive T cells in a 
mixture of cells rather than isolating this individual cell subtype 
and devoiding it from environmental support. Furthermore, while 
we consider these MOG-reactive transplanted splenocytes to 
target MOG-expressing cells (i.e. oligodendrocytes), other cells in 
this slice culture such as astrocyte, microglia and likely a variety of 
already resident immune cells are also potentially indirectiy 
targeted and play substantial role(s). The selective cellular 
targeting of these organotypic slice resident cells would be 
technically challenging, and further compromise experiments 
aiming to investigate the effect of individual immune cell subtypes 
on demyelination. 

Fithly. pFTY720 has been purported to induce a phenotypic 
change in some T c:ells that causes them to take on a Treg function 
[15,34,35]. In our current study we aimed to further examine if 
pFTY720 altered numbers of Tregs and, for this purpose, we used 
a mixed population of splenocytes isolated from 2D2 transgenic 
mice. We found that in vitro treatment of these cells with pFTY720 
did not alter T cell phenotype; specifically there was no effect on 
CD4 and Foxp3 expressing Tregs. In contrast, the positive control, 
TGPP treatment caused a large increase in this population of cells, 
as expected. Notably, previous studies have utilised T cell 
populations enriched for CD4"'"CD25~ cells in order to demon- 
strate an increase in Treg proportion induced by pFTY720 and 



moreover some studies have suggested that pFTY720 reduces 
numbers of Tregs [18]. The variations between these and our 
studies may be potentially explained by the types of cultures used 
for these experiments, that is, mixed splenocyte or enriched 
populations. 

Lastly, in addition to pFTY720 altering T cell transmigration 
and possible lymphocyte phenotype (although this requires further 
corroboration), pFTY720 can alter cytokine release from immune 
cells [49-51]. We choose to examine the effects of pFTY720 on 
the levels of IFNy in MOG-reactive cells given that this cytokine 
regulates Thl cell differentiation, CD8^ cell-induced cell death 
and microglial recruitment in MS [35,36,52-55], that SIP 
attenuates the production of IFNy by splenic CD4 T cells [40] 
and that effect of pFTY720 on IFNy was not examined in these 
reports [35,40] . In addition, the levels of IL6 were also tested as 
this cytokine desentitises effector T cells to regulation by Tregs in 
MS, as well as being elevated in the serum and CSF of MS patients 
[37,56]. We also examined the effects of pFTY720 on the levels of 
TNFa in MOG-reactive cells as levels of this cytokine are elevated 
in CSF, serum and post-mortem in the brain lesions of MS 
patients and may be linked to severity of lesions [57], despite anti- 
TNFa therapies not being beneficial in MS [58,59]. We found that 
in vitro treatment with pFTY720 caused a significant concentra- 
tion-dependent decrease in IFNy and IL6 in activated 2D2- 
splenocytes, while having moderate effect on TNFa and no effect 
on ILIO. This appears consistent with the idea that pFTY720 
likely causes a broad attenuation in the levels of pro-inflammatory 
cytokines, in agreement with our previous findings [22]. 

In conclusion, therefore, this study suggests that pFlY720 
treatment of MOG-reactive splenocytes (either from MOG- 
immunised mice or 2D2-transgenic mice) can reduce the release 
of pro-inflammatory cytokines and can reduce the ability of these 
cells to induce demyelination. These results may suggest that, in 
addition to preventing transmigration of immune cells into the 
CNS and having direct effects on neuronal and glia cells, 
pFTY720 may also attenuate pro-inflammatory signals in immune 
cells that have already passed into the CNS prior to treatment. In 
closing, thcs(- mechanisms, in concert, may thus better explain the 
therapeutic eflEicacy of pFTY720 in relapsing-remitting MS. 
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